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Abstract

Previous research on scaling effects in composite materials has demonstrated that the stress
levels at first ply failure and ultimate failure of composite laminates are dependent on the size
of the laminate. In particular, the thickness dimension has been shown to be the most
influential parameter in strength scaling of composite coupons loaded in tension.
Geometrically and constitutively scaled laminates exhibit decreasing strength with increasing
specimen size, and the magnitude of the strength-size effect is a function of both material
properties and laminate stacking sequence. Some of the commonly used failure criteria for
composite materials such as maximum stress, maximum strain, and tensor polynomial (e.g.,
Tsai-Wu) cannot account for the strength-size effect. In this paper, three concepts are
developed and evaluated for incorporating size dependency into failure criteria for composite
materials. An experimental program of limited scope was performed to determine the first ply
failure stress in scaled cross-ply laminates loaded in tension. Test specimens were fabricated
of AS-4/3502 graphite-epoxy composite material with laminate stacking sequences of
[0°,/90°,/0°,]r where n=1-6. Two experimental techniques were used to determine first ply

failure, defined as a transverse matrix crack in the 90° ply: (1) step loading with dye
penetrant x-ray of the specimen at each load interval, and (2) acoustic emission. The best
correlation between first ply failure analysis and experimental data was obtained using a
modified Weibull approach which incorporated the residual thermal stress and the outer ply
constraint, as well as the ply thickness effect. Finally, a second set of experiments was
performed to determine the tensile response and ultimate failure of the scaled cross-ply
laminates. The results of these experiments indicated no influence of specimen size on tensile
response or ultimate strength.

Introduction

The strength-size effect (decreasing strength with increasing ply thickness) in composite
laminates has been extensively investigated [1-26]. It is well known that the stress level at
which the first transverse matrix crack is observed in cross-plied laminates is directly related
to the thickness of the 90° core ply. The thicker the 90° ply, the lower the stress level for



first ply failure. For example, experiments were performed by Flaggs and Kural [4] on cross-
plied [0°,/90°,]s laminates to determine the stress level at first ply failure. The chosen lay-
up for the experiments contained a constant number of constraint (0°) plies and varying
numbers of core (90°) plies. The value of n was increased in increments of 1, 2, 4, and 8. For
the most constrained laminate (n=1), the stress at first ply failure was reported to be 2.48
times the value of the transverse tensile strength, Y. As the thickness of the 90° plies
increased, the stress level at first ply failure asymptotically approached the transverse tensile
strength. This phenomenon was explained by introducing the concept of “in situ’ strength of
the 90° plies to account for the ply thickness effect and the constraint effect provided by the
neighboring plies. In general, the effect of increasing ply thickness is believed to reduce the
strength of the ply due to an increased probability of the presence of a strength-critical flaw
in the greater volume of material present. Conversely, the constraint effect provided by the
neighboring 0° ply is believed to strengthen the 90° ply near the interface region and increase
the stress level at which a transverse matrix crack will appear in the 90° core ply. As the
thickness of the 90° ply increases the constraint effect is limited to the region close to the ply
interface, and the interior of the 90° ply is not affected.

In the present paper, a new approach is used to study the strength-size effect in cross-plied
laminates. This study examines scaled laminates having the same relative number of
constraint (0°) plies and core (90°) plies, instead of the more typical approach of studying
laminates having a constant number of constraint plies and increasing numbers of 90° core
plies. The laminate stacking sequence is [0°n/90°n/0°n]r, where n=1-6. The composite
coupon specimens are designed to be constitutively scaled and geometrically scaled in the
thickness dimension. The scaled cross-plied specimens were examined for pre-existing
damage prior to tensile testing. Two specimens of each size and laminate stacking sequence
were instrumented and loaded under uniaxial tension to determine the stress-strain response
and ultimate strength. The remaining eight specimens were tested to determine the stress
level at first ply failure using two different experimental techniques. The experimental
program and test results are described in the next section. Finally, three concepts for
incorporating size dependency in commonly used failure criteria for composite materials are
discussed, and correlation with the test data is presented.

Experimental Program

Six panels with in-plane dimensions of 12 in. x 12 in. were fabricated of AS4/3502 (Grade
190) graphite-epoxy composite material corresponding to the laminate stacking sequences
[0°1/90°,/0°,]r where n=1-6. The panels were cured according to manufacturer's

recommended specifications. Test specimens were machined from each panel of dimensions
11.0 in. x 1.0 in., for a total of 10 specimens per panel. Specimen thickness varied from three
to eighteen plies, corresponding to n=1 and 6, respectively. The average thickness per ply
was 0.008 in. The average ply thickness is higher than normal due to the special grade of

AS4/3502 material which contains approximately 16 fiber diameters through the thickness of
a single ply.

One specimen of each laminate stacking sequence was evaluated for damage or defects due to
the curing and/or machining processes, prior to testing, using dye penetrant x-ray technique.



Damage was discovered in the n=5 and n=6 laminates in the form of transverse matrix cracks
and longitudinal splitting. Two transverse matrix cracks were observed in the n=5 laminate
and eight cracks were found in the n=6 laminate. In addition, the n=5 laminate exhibited 2
longitudinal splits, while the n=6 laminate had 3 longitudinal splits. No damage was detected
in the n=1-4 laminates. Two specimens of each laminate stacking sequence were
instrumented with back-to-back strain gages at the midpoint of the specimen for
determination of tensile response and ultimate tensile load. None of the remaining eight
specimens per laminate stacking sequence were instrumented.

The material properties of AS4/3502 graphite-epoxy composite material were determined
previously [27, 28] to be: E1= 19.94 Msi, Ep = 1.56 Msi, vi2 = 0.293, and G12 = 0.82 Msi.

Two types of experiments were performed. One set of experiments was conducted to
evaluate the tensile response and ultimate strength of the scaled cross-ply laminates. The
two strain-gauged specimens of each laminate stacking sequence were loaded in tension until
ultimate failure occurred. Ultimate failure is defined as complete loss of load carrying
capability. These experiments were performed on a benchtop load test machine under
continuous quasi-static loading. The second set of experiments was conducted to determine
the stress level at first ply failure, defined as the first transverse matrix crack in the 90° ply.
Two different techniques were used to determine first ply failure: (1) step loading with dye
penetrant x-ray at each load interval, and (2) acoustic emission. These methods are described
in the following sections.

One technique used to determine the stress level at first ply failure of the n=1-4 scaled cross-
ply laminates was step loading with dye penetrant x-ray. (Note: the n=5 and 6 specimens
were not tested using the step loading technique due to the presence of pre-existing damage in
the specimens.) These tests were performed by mounting and aligning the specimen in
hydraulic grips of a load test machine and applying tensile load through load control of the
machine. At a specified load level, the machine was stopped, with load maintained at a
constant level, while the specimen edges were coated with dye penetrant. Then, an x-ray was
taken and developed. If a single crack was observed, the specimen was removed and the load
level noted. If no crack was observed, the specimen was loaded again, typically in increments
of 100 Ib., and the procedure was repeated. If several cracks were observed at the first load
level, the experiment was repeated with a new specimen and the first x-ray was taken at a
lower load level, and the load increments were refined.

Following the first few experiments, the load level at first ply failure for a specific laminate is
known, and, for subsequent tests, the load was applied at a much higher level before the first
x-ray was taken. Following a test, the load at first ply failure was calculated to be the average
of the last load before a crack was found and the load level noted with an observed crack.
This procedure worked well for the n = 2-4 specimens except the 3-ply [0°/90°/0°] . laminate,
n=1 case. For this laminate, the first ply failure occurred at or near ultimate failure. In those
cases where damage could be assessed prior to ultimate failure, the x-ray film showed many
transverse matrix cracks emanating from the edge, but none completely through the width of



the specimen. The load at first ply failure was assumed to be the average of the last load step
and the ultimate load.

A refined acoustic emission (AE) technique, developed to detect damage in composite
materials, was applied to detect transverse matrix cracks in cross-plied laminates under tensile
load. The AE technique not only allowed the detection of the formation of a transverse
matrix crack, but was also used to predict the location of the crack. The test method involved
applying four broad band sensors to the specimen, two each at either end of the specimen,
with the edge of the sensor aligned with the specimen edge. The reason for this sensor
arrangement was to determine the site of formation of the transverse cracks. Thus, the
technique could determine the location of the crack along the length of the specimen, and
provide information on the site of crack initiation. Signals from the sensors were amplified
and then input to a digital acoustic emission analysis system. Sensor gains were adjusted
depending on specimen thickness. In general, thicker specimens generated signals of larger
amplitude. The load at which a given crack signal was detected was obtained from a
parametric measurement system in the AE instrument. Predictions of crack location and
initiation site were performed after the test using manual, cursor based arrival time
determination. More information on this AE procedure is reported in References 29 and 30.
Due to difficulty in capturing first ply failure for the n = 1 and 2 specimens, no data is
reported for these laminates.

Summary of Experimental Results

The stress-strain responses of the scaled cross-ply laminates (n=1-4) loaded under uniaxial
tension to ultimate failure are shown in Figure 1. In general, the scaled cross-ply laminates
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Figure 1. Tensile response of [0°n/90°n/0°n]r, n=1-4, scaled cross-ply laminates.

exhibit a linear-elastic response to ultimate failure. The curve for the n=1 laminate does show
a noticeable shift or “knee” in the tensile response curve, however, the knee is not associated
with the first ply failure event. The average values of ultimate strength for the two
specimens of each lay-up (n=1-4) are plotted versus specimen size in Figure 2. Based on the
results shown in Figure 2, it is apparent that the ultimate strength of the cross-plied laminates
is not dependent on the size of the laminate. However, previous studies on the effect of
specimen size on ultimate strength indicate a much larger influence of the strength-size effect
in cross-plied laminates [27]. One explanation for the apparent lack of effect in the present
experimental studies is that only the thickness dimension is scaled in the cross-ply laminates,
as opposed to truly geometrically scaled laminates in the study reported in Reference 27.
The ultimate strength of a cross-ply laminate loaded in tension is controlled by the fiber
tensile strength in the unidirectional ply. The statistical strength distribution of unidirectional
laminates is highly dependent on the volume of stressed material. For the laminates
considered in this study, the in-plane dimensions, length and width, are not scaled, thus
reducing the volumetric effect on fiber strength in the unidirectional ply.

The first ply failure load data for each test specimen as determined by step loading with dye-
penetrant x-ray and acoustic emission techniques are summarized in Table 1. The load data
from Table 1 were used as input to a composite laminated plate analysis to determine the
stress, oy, in the global x (longitudinal) direction for the 90° core plies. The stress values for
both the step loading and AE data are plotted versus laminate size, n, in Figure 3.

200

Ultimate Failure
Stress, ksi

Specimen Size, n

Figure 2. Variation in ultimate tensile failure stress versus increasing specimen size for scaled
[0°n/90°n/0°n}y (n=1-4) cross-ply laminates.

These results indicate that the tensile stress in the 90° core ply of the 3-ply [0°/90°/0°]y
laminate is approximately 1.8 times higher than the tensile stress in the 90° core ply of the
[0°4/90°4/0° 4] laminate at first ply failure. In addition, data for the n=3 and n=4 laminates,
obtained through step loading with dye-penetrant x-ray and the AE technique, agree well.
The data for the n=5 and n=6 laminates were determined using the AE technique to capture



the stress level at the next damage formation, as these laminates contained pre-existing
damage.

Size Dependent Failure Criteria for Composites

Some of the commonly used failure criteria for composite materials, e.g. maximum stress,
maximum strain, and tensor polynomial criteria such as Tsai-Hill and Tsai-Wu, cannot predict
the strength-size effect. These criteria assume that the composite strength values
(longitudinal tensile and compressive strengths, transverse tensile and compressive strengths,
and shear strength) are constant values and are not a function of ply thickness. In the

Table 1. Summary of Experimental Data for First Ply Failure.

Step Loading with | acoustic Emission
n X-ray
(Average of 4 tests) | (Average of 4 tests)
1 1936 No Data
2 2520 No Data
3 3351 3220
4 3755 3594
5 No Data 4153
6 No Data 5688

present paper, three concepts for incorporating size dependency in standard failure criteria
for composite materials are described in the following sections.
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Figure 3. Stress in the global x direction in the 90° core ply at
first ply failure versus specimen size, n.

In the first concept, ply-by-ply failure criteria including maximum stress, maximum strain,
and Tsai-Hill, are applied in the usual manner except that the composite strength values



(longitudinal tensile strength, X;; transverse tensile strength, Y; and shear strength, S) are
determined as a function of ply thickness. The strength versus ply thickness relationships,
shown in Figure 4, were generated from expetimental data taken from the literature [27,28].
The values of X, Y, and S are shown to decrease with increasing ply thickness in a linear
relationship. An equation of a linear curve fit analysis is shown with each plot, along with
the correlation coefficient (R). The implication of these results is that in a ply-by-ply failure
analysis, the values of X;, Y, and S cannot be assumed to be constant values, as is usually
done. For the first concept, the values of X, Y;, and S for each ply in the laminate are
obtained from the equations that represent the best fit of the experimental data of X;, Y;, and
S versus ply thickness. Thus, the strength values, Xy, Yy, and S, may be different in each ply
of the laminate, based on the thickness of the ply.

Concept two is a variation of the first concept. Since the data for composite strengths
versus ply thickness are available for only a limited range of values, as shown in Figure 4, a
Weibull approach [31] is used to expand the analysis for a wider range of thickness values.
The data shown in Figure 4 were used to determine empirically the shape parameters in the
Weibull equations (Eq. 1) which characterize the composite strength values (X, Y, S) as a
function of ply thickness. Then, a ply-by-ply failure analysis is conducted in the usual
manner, except that the composite strength values (X, Y, S) for each ply are determined
using the Weibull equations, as opposed to the linear relationships used in the first concept.
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The third concept is a modified Weibull model which incorporates ply thickness, residual
thermal stress, and the constraint provided by the neighboring ply to the 90° core. The
concept assumes that the region of the 90° ply which is close to the 0° ply does not behave
like a transverse ply, instead it is constrained to behave more like a 0° ply and resists
transverse matrix cracking. Consequently, a “layer of influence” near the interface in the
90° ply is defined.  The layer of influence, of thickness b, effectively reduces the
thickness of the 90° ply which can be considered in the Weibull analysis. The layer of
influence is assumed to have a constant thickness for all scaled cross ply laminates, as shown
in Figure 5. Also, in the analysis, the total stress ( mechanical stress plus residual thermal
stress ) is considered under the assumption that the residual stress is a constant for all scaled
cross-ply laminates, i.e., residual stress is not a function of ply thickness or laminate
thickness, as predicted by lamination theory for constitutively scaled laminates. For Concept
3, the unknowns in the modified Weibull equation (Eq. 2) are b, the thickness of the layer of



influence; B, the Weibull shape parameter; and of, the residual stress. First ply failure data
from tests on the n=1-3 laminates were used in conjunction with Eq. 1 to determine the
unknowns, and the resulting equation was then used to predict the value of first ply failure
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GI:,/IIY - Mechanical stress in the global x-direction for the 90° ply of the
laminate under consideration
Glr\ff - Mechanical stress in the global x-direction for the 90° ply of the
reference laminate
- Residual stress in the global x-direction for the 90° ply

Equation 2.

toy - Total thickness of the 90°ply in the laminate under consideration
ter - Total thickness of the 90°ply in the reference laminate
b - Thickness of the layer of influence

f - Weibull shape parameter

stress for the n=4-6 laminates. Using this empirical approach, the values of the unknowns
were determined to be: the thickness of the layer of influence, b= 0.00377 in.; the Weibull
shape parameter, = 21; and the residual stress in the global x direction for the 90° ply, ¢"=

12,590 psi.
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Figure 5. Schematic drawing of Concept 3.



Correlation of Size Dependent Failure Criteria with Experimental Data

The correlation between the first ply failure data and the three concepts presented above that
incorporate size dependency in some of the commonly used failure criteria for composite
materials is shown in Figure 6. The experimental results represent the average of the first ply
failure data for both the step loading and AE techniques. The plot shows the predicted stress
in the 90° ply in the global x direction at first ply failure for each concept. The first concept
predicts a small change in the stress level at first ply failure in the 90° core due to increasing
specimen size. The predicted difference in stress level between the n=1 laminate and the n=6
laminate is approximately 200 psi. The correlation between the predicted stress level and the
experimental data for the first concept is poor. For the second concept, a greater change in
the stress level at first ply failure is observed, with a difference of approximately 1000 psi
between the n=1 and the n=6 laminates. However, the actual correlation between the
predicted stress level and the experimental data for the second concept is also poor.

For the third concept, only correlation with the n=4-6 data points is valid due to the fact that
first ply failure data from the n=1-3 laminates were used to determine the unknown
coefficients in the modified Weibull equation. However, as indicated in Figure 6, the
magnitude of the tensile stress at first ply failure in the 90° core plies of the n=4, 5, and 6
laminates was predicted within 11, 20, and 1 percent, respectively, using the third concept.
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Figure 6. Correlation between the three size dependent failure concepts and the experimental

first ply failure data.
Conclusions

An experimental program was conducted to determine the effect of specimen size on the first
ply failure stress and ultimate strength of constitutively and geometrically (thickness
dimension only) scaled [0°/90°/0°]r n=1-6 cross-ply laminates. Results of the
experimental program demonstrated that the stress level at first ply failure in the 90° core ply



of the n=1 laminate was approximately twice that of the n=4 laminate. However, no effect of
specimen size was seen for the ultimate strength of the scaled cross-ply laminates. Three
concepts were developed for incorporating size dependency into standard failure criteria for
composite materials to predict the strength-size effect. The first two concepts involved using
previous experimental data to determine relationships between composite strength values of
longitudinal tensile strength, transverse tensile strength, and shear strength and specimen size,
particularly specimen thickness. For the first concept, a linear relationship is determined
between the composite strength values and ply thickness. For the second concept, a Weibull
model is used to determine the relationships. Thus, the thickness of an individual ply
determines the value for composite strengths that can be used in an existing ply-by-ply
failure model such as maximum stress, maximum strain, or tensor polynomial approaches
such as Tsai-Wu or Tsai-Hill. The third concept is a modified Weibull approach which
accounts for the ply thickness effect, the constraint effect provided by the neighboring ply,
and the residual thermal stresses. Results from the third concept provided the best
correlation with experimental data.
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